Energetics and structures of neutral and charged Si n ͑nр10͒ and sodium-doped Si n Na clusters have been investigated using local spin density functional electronic structure calculations and structural optimizations, with and without exchange-correlation gradient corrections. For the Si n clusters, the monomer separation energies show local maxima for nϭ4, 7, and 10. The vertical and adiabatic ionization potentials are smaller than the values for the Si atom and exhibit odd-even oscillations with values in agreement with experiments, and the adiabatic electron affinities show local minima for nϭ4, 7, and 10, with the value for the heptamer being the smallest, in agreement with the experimentally measured pattern. Binding of Na to Si n is characterized by charge transfer from the sodium resulting in the development of significant dipole moments for the Si n Na clusters. The binding energy of Na to Si n oscillates as a function of n, with local maxima for nϭ2, 5, and 9, and local minima for nϭ4, 7, and 10, with the value for nϭ7 being the smallest. A similar trend is found for the vertical and adiabatic ionization potentials of the doped clusters, correlating with the electron affinity trend exhibited by the Si n clusters, and in agreement with recent measurements. In the optimal adsorption geometry of H 2 O on the Si 7 Na cluster, the oxygen is bonded to the Na, with a hydration energy significantly higher than that of an isolated sodium atom. The vertical and adiabatic ionization potentials of NaH 2 O are lower than those of Si 7 NaH 2 O, and the values for the latter are lower, by Ϸ0.2 eV, than those of the unhydrated Si 7 Na cluster. ͓S0163-1829͑97͒05211-9͔
I. INTRODUCTION
Investigations of the geometries, electronic structures, energetics, and reactivities of atomic clusters have attracted significant interest in recent years. One of the principal goals of these research activities is to explore the size evolutionary patterns of the properties of materials aggregates from the molecular to the condensed phase regimes.
Small covalently bonded elemental semiconductors clusters ͑such as C, Si, and Ge͒ have been the subject of increasing theoretical [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and experimental [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] research efforts since their properties are rather different from those of the bulk material. In particular, small Si n clusters have been investigated employing several theoretical approaches. These include quantum chemistry methods, 1, 2, 5, 8, 19 tight-binding models, 4, 13, 14, 15 calculations based on the local-densityfunctional method, 6, [9] [10] [11] 16, 17 and variational fixed-node diffusion Monte Carlo studies. 18 For some small Si n clusters the ground-state geometries have been determined experimentally, 29 confirming the theoretically proposed ones 5 ͑for nϭ2-7͒. Recently, the ionization potentials of sodium-doped silicon clusters ͑Si n Na m , 3рnр11, 1рmр4͒, have been measured, 31 and certain aspects of the geometrical and electronic structure of Si n Na ͑1рnр7͒ clusters have been studied. 32 It has been found in the experiments ͓see Ref. 31 , Fig. 1͑a͒ and Fig. 2 in Ref. 32͔ that the ionization threshold energies for Si n Na clusters with nϭ4, 7, and 10 are local minima, correlating with the measured 26 low values of the electron affinity of bare silicon clusters, Si n Ϫ , with nϭ4, 7, and 10. This suggests that the valence electron of the Na atom in the doped Si n Na clusters may be treated as an ''excess'' electron, ''donated'' to the Si n host.
In this study we have investigated the energetic and structural properties of bare Si n , Si n ϩ , Si n Ϫ ͑nр10͒ clusters and of Na-doped Si n Na and Si n Na ϩ ͑nр10͒ clusters. In these calculations we have used structural optimizations and molecular dynamics ͑MD͒ simulations using the BornOppenheimer ͑BO͒ local-spin-density ͑LSD͒ functional MD method 33 ͑BO-LSD-MD͒, with and without exchangecorrelation gradient corrections. Following a brief description of the calculation method in Sec. II, we present our results in Sec. III, and summarize our findings in Sec. IV, including a discussion of water adsorption on the Si 7 Na cluster.
II. METHOD
In calculations of the total energies and structural optimizations we have used the BO-LSD-MD method, 33 where the motion of the ions is confined to the ground-state BO electronic potential energy surface calculated concurrently via the Kohn-Sham ͑KS͒-LSD method. In these calculations we have employed nonlocal norm-conserving pseudopotentials 34 for the valence electrons of the silicon and sodium atoms ͑s, p, and d components, with s and p nonlocalities͒; in simulations involving water ͑see Sec. IV͒, s and p components were used for the oxygen atom, and a local pseudopotential for the hydrogens. 33 As discussed in details elsewhere, 33 in our method no supercells ͑i.e., periodic replica of the ionic system͒ are used thus allowing studies of charged and multipolar clusters in an accurate and straightforward manner. In structural optimizations, using a conjugate gradient method, and in dynamical simulations, the Hellmann-Feynman forces on the ions are evaluated between each optimization, or MD step, involving iterative solution of the KS-LSD equations, thus insuring that the ionic trajectories are followed on the BO potential energy surface. Both LSD calculations and calculations including exchange- 35 Table IV , where the numbering of the atoms is as shown in the figure.
FIG. 2. Atomization energy, E a
is the total energy of Si n , and monomer separation energies,
, for 1рnр9, i.e., Si 2 -Si 10 . Energies in units of eV are given from LSD ͑solid͒ and PLSD ͑including exchange-correlations gradient corrections͒; see also 
III. RESULTS

A. Si n "nр10… clusters
The optimal geometries for Si n ͑nр10͒ clusters are shown in Fig. 1 Table I ͑where results are given from LSD calculations, as well as including PLSD xcg corrections, marked xcg͒ reveal the following trends.
͑i͒ The total energy per atom ͑E (n) /n where E (n) is the total energy of a Si n cluster, see Table I͒ and the 
We note that even for nϭ10 the calculated atomization energy is much smaller than the calculated cohesive energy for bulk silicon ͑see Table III ͑ii͒ The ''adsorption'' energy ͑or monomer separation energy, i.e., the energy involved in the process, (n) /n; atomization energy, E a (n) ; monomer separation ͑adsorption͒ energy, ⌬ (n) ; vertical ͑vIP͒ and adiabatic ͑aIP͒ ionization potentials; cluster relaxation energy, E R ϭvIPϪaIP; vertical ͑vEA͒ and adiabatic ͑aEA͒ electronic affinities; negative ion cluster relaxation energy, E R Ϫ ϭaEAϪvEA. Results are given for LSD and PLSD, i.e., including xcg correction in a PLSD mode. Sodium binding energies, E b (n) ϭE͑Si n Na͒ ϪE͑Si n ͒ϪE͑Na͒, for Si 1 Na-Si 10 Na clusters. Energies in unit of eV are given from LSD ͑solid͒ and PLSD ͑dotted͒ calculations.
͑iv͒ The vertical ͑vEA͒ and adiabatic ͑aEA͒ electron affinities of Si n , 2рnр4, are close to each other, corresponding to very small reorganization energies ͑E R Ϫ in Table I͒ . The reorganization energies for clusters with nу5 are larger. The aEA's for clusters with nϭ4, 7, and 10 are local minima, with those for Si 7 being the smallest in this range ͑see Fig. 4͒ . The pattern exhibited by the calculated aEA's corresponds to that measured by photoelectron spectroscopy using an ArF excimer laser ͑6.42 eV͒, 26 and is also similar to that calculated in Ref. 8 ͑see also discussion there pertaining to the orbital origins of the observed trend͒; for Si 2 our calculated value for the vEA equals 2.4 eV, in good agreement with the measured 38 value ͑2.2 eV͒. ͑v͒ The optimal geometries of the cationic ͑Si n ϩ ͒ and anionic ͑Si n Ϫ ͒ clusters are similar to those of the corresponding neutral ones, see Table IV , the largest reorganization occurs upon formation of the Si 5 Ϫ anion ͑see also Ref. 8 where a similar result has been obtained͒.
B. Si n Na "nр10… clusters
The optimal geometries of the Si n Na clusters are displayed in Fig. 5 , and the geometrical parameters are given in Table V for both neutral and ionized sodium-doped clusters. The optimal geometries shown correspond to bond capped ͑Si 2 Na͒; edge capped ͑Si 3 Na͒; edge-capped distorted rhombus ͑Si 4 Na͒; edge-capped trigonal bipyramid ͑Si 5 Na͒; edge capping of the face-capped trigonal bipyramid and a facecapped isomer ͑Si 6 Na͒; edge capped trigonal bipyramid ͑Si 7 Na͒; edge capping of the bicapped distorted octahedron ͑Si 8 Na͒; face capping of the tricapped distorted trigonal prism ͑Si 9 Na͒; face capping of the tetracapped distorted trigonal prism ͑I͒, and a face-and edge-capping of the tetracapped distorted trigonal prism ͑II͒, ͑Si 10 Na͒.
The energetics of the Si n Na clusters given in Table II and shown in Figs. 6-8 , exhibits the following trends.
͑i͒ The atomization energy, E a (n) ϭE͑Si n Na͒ϪnE͑Si͒ ϪE͑Na͒, where E͑Si n Na͒ is the total energy of the Si n Na clusters, increases monotonically with n ͑see Fig. 6͒ .
͑ii͒ The binding of Na to Si n clusters, E b (n) ϭE͑Si n Na͒ϪE͑Si n ͒ϪE͑Na͒, oscillates as a function of n, showing local maxima for nϭ2, 5, and 9, and local minima for nϭ4, 7, and 10 ͑see Fig. 7͒ .
͑iii͒ The ionization potentials for the sodium-doped clusters are significantly lower than those for the parent Si n clusters. The decrease reflects the change in the orbital being ionized, which in the sodium-doped cluster is of similar character as the lowest unoccupied orbital of the parent Si n cluster. 32 Our results are in agreement with experimentally measured IP's. 31, 32 The above trends in the sodium binding energies to the silicon clusters are also found for the vIP's and aIP's of the Si n Na clusters ͑Fig. 8͒, which are the small- 32 for Si n Na ͑nϭ1-7͒. Further insights into the nature of bonding of Na to the silicon clusters are provided through inspection of the KohnSham energy level schemes for Si n , Si n Ϫ , and Si n Na ͑not shown͒, plots of the spherically averaged radial electron density, (R), of the highest-occupied molecular orbital ͑KS-HOMO͒, and of the integrated KS-HOMO radial density, (R), shown in Fig. 9 , and plots of the integrated radial density difference, ⌬(R), displayed in Fig. 10 . From the KS level schemes we observed that while in the ground state a Si atom has two unpaired electrons, only one electron is unpaired in the SiNa molecule, and similarly for Si 2 and Si 2 Na. We also noted that the adsorption of Na is accompanied by small changes in the positions of the levels of the corresponding bare clusters.
For the Si n Na cluster with nу4 the KS orbital which is occupied by the added electron ͑i.e., the Na electron͒ can be readily distinguished as the KS-HOMO whose character is similar to that of the KS lowest unoccupied molecular orbital ͑KS-LUMO͒ of the corresponding Si n cluster. The plots in Fig. 9 of (R) and (R)ϭ͐ 0 R (r)dr, both calculated for the KS-HOMO with the Na atom as the origin, illustrate that the electron density in the vicinity of the sodium is depleted. This is also evident in Fig. 10 from the electron density difference plots, ⌬(R)ϭ͐ 0 R ͓ Si n Na (r)Ϫ Na (r)͔dr, for the KS-HOMO orbital of the clusters, evaluated about the Na atom as the origin. From these plots it is observed that the electron density depletion about the Na is largest for Si 7 Na. The donation of the electron from the Na to the silicon cluster leads to the development of a dipole moment , showing an overall increasing trend with n ͑see Table II͒ . For all the clusters the dipole is essentially parallel to the vector R d connecting the center of mass of the silicon atoms and the sodium nucleus in the doped cluster ͑see in Table  II͒ . Associated with the dipole moments are effective charges calculated as qϭ/R d , which for 1рnр10 range between 0.38e and 0.54e, with a decreasing trend for the larger clusters.
IV. SUMMARY AND WATER MOLECULE ADSORPTION ON Si 7 Na
In this study the optimal geometries and energetics of Si n , Si n ϩ , Si n Ϫ , 2рnр10 clusters, and of sodium-doped Si n Na, 1рnр10, clusters, have been studied using LSD and PLSD ͑i.e., including xcg in a LSD mode͒ calculations, employing the BO-LSD-MD method. 33 As described in Sec. III the results and trends obtained for the Si n clusters are in good agreement with available experimental data ͑ionization potentials 30 and electron affinities 26 ͒, as well as in general agreement with previous calculations ͑particularly those using high-level quantum-chemistry methods, Refs. 1, 2, 5, and 8͒. The results for the sodiumdoped, Si n Na clusters show that the binding energy of Na to Si n oscillates as a function of n, exhibiting local maxima for nϭ2, 5, and 9, and local minima for nϭ4, 7, and 10, with the value for nϭ7 being the smallest ͑see Fig. 7͒ . These trends are found also for the vertical and adiabatic ionization potentials ͑see vIP and aIP in Fig. 8͒ , correlating with similar trends in the electron affinities of the parent Si n clusters ͑see Fig. 4͒ . This correlation reflects the nature of binding of Na to Si n , which is found to involve transfer of charge from the sodium to the Si n ͑i.e., formation of a highly ionic bond͒, with the KS-HOMO in Si n Na of similar character as the KS-LUMO in the parent Si n . This leads to the development of relatively large dipole moments for the Si n Na clusters. Our results are in good agreement with measured ionization potentials ͑Ref. 31, and in Fig. 2 in Ref. 32͒ for Si n Na, superior to that obtained by previous calculations. 32 In light of the unique characteristics of Si 7 Na ͑having the smallest vIP and aIP values in the sequence of clusters studied, as well as the smallest Na binding energy͒, we investigated for it the geometry and energetics of hydration, i.e., formation of Si 7 NaH 2 O. Motivating this study is the aforementioned observations that the binding of Na to the silicon cluster involves transfer of the sodium electron into the silicon cluster, resulting in a high partial positive charge on the attached sodium. Since the hydration energy of sodium is very sensitive to its charge state 39, 40 ͑i.e., the binding energy of H 2 O to Na is more than doubled when H 2 O is bonded to Na ϩ , see Table III͒ , it is of interest to explore hydration of Na-doped silicon clusters and the effect of charging ͑i.e., ionization of the doped cluster͒ on the hydration energies.
The ground-state optimal structure of Si 7 NaH 2 O and a close lying isomer are shown in Fig. 11 , the total energy of the isomer ͑II͒ is 50 meV higher than that of the ground-state one ͑I͒. Other adsorption geometries, where the water molecule is bonded directly to the Si 7 fragment of the Si 7 Na cluster, result in much higher total energies. From the results given in Table III we conclude the following.
͑i͒ The hydration energy of Si 7 NaH 2 O is significantly higher than that of an isolated sodium atom.
͑ii͒ Ionization of hydrated Si 7 NaH 2 O results in an increase of Ϸ0.13 eV in the binding energy of H 2 O to the ionized cluster ͑i.e., the hydration energy of Si 7 Na ϩ is increased by that amount compared to the hydration of the neutral͒. On the other hand, the hydration energy of Na ϩ is a factor of 4 larger than that of the neutral Na atom. These results correlate with the observation that in Si 7 Na the sodium is bonded in a highly ionic ͑positively charged͒ state, via transfer of the electron to the silicon cluster, resulting in a relatively small effect of the ionization of the cluster on the hydration energy ͑compared to the case of the individual sodium͒.
͑iii͒ The ionization potentials ͑vIP and aIP͒ of NaH 2 O are lower than those of the hydrated Si 7 NaH 2 O cluster, and the values for the latter are lower by Ϸ0.2 eV than those corresponding to the unhydrated Si 7 Na cluster. Consequently, water molecular attachment to the cluster may be detected via ionization potential measurements.
ing configurations in Fig. 1͒ ; interatomic distances for Si n Na and Si n Na ϩ clusters are given in Table V ͑see corresponding configurations in Fig. 5͒ .
As aforementioned, the optimized geometries which we list are from LSD calculations. Geometries optimized using LSD including xcg corrections are of the same symmetry with slightly increased interatomic distances; for example, for the tetramer, the LSD-xcg r 12 and r 24 bond lengths in both Si 4 and Si 4 ϩ are larger by 2-3 % than those given in Table IV . Similarly, the ionization potentials from LSD-xcg calculations are decreased by ϳ2-3 % compared to those obtained by us using PLSD-xcg calculations ͑see Table I , and Fig. 3͒ . These variations do not affect the trends and other findings of our study.
